Abstract -This work proposes the optimal conditions for the preparation of activated carbons from polyethylene terephthalate (PET) with good surface area and yield. The PET-based activated carbon was prepared using a chemical activation technique employing sulfuric acid (H 2 SO 4 ). Different preparation conditions involving impregnation ratio, activation temperature and activation time were investigated to evaluate their effects on both surface area and yield. The central composite design (CCD) approach was adopted to determine the effects of preparation conditions on responses. Based on the CCD, quadratic models for both surface area and yield were developed. The significant factors for each experimental design response were identified from the analysis of variance (ANOVA). The optimum conditions for PET-based activated carbon preparation were obtained by using an impregnation ratio of 37.63%, activation temperature of 600ºC, and activation time of 30 min, which resulted in 537 m 2 /g of surface area and a 12.57% yield.
INTRODUCTION
Polyethelene terephthalate (PET) bottles have become an inseparable and integral part of our lives. In recent years the production and consumption of PET has recorded the fastest growth rate in the global plastics market (Kuczenski and Geyer, 2010) . The overall world consumption of PET amounted to about 13 million tons/year in 1997 and increased to about 26 million tons/year in 2007 (Karayannidis and Achilias, 2007) . The discharge of PET bottle waste is a serious challenge for waste management strategies due to the large amount of solid waste produced. Stringent environmental laws have demanded suitable alternatives by which it can be reused or recycled (Hayashi et al., 2005) . Most common technology adopted to mitigate the PET disposal problem is through incineration or recycling. To make better use of this cheap and abundant plastic waste, it is proposed to convert it into activated carbon because of its high percentage carbon content and its excess availability in relatively pure state.
Activated carbon can be produced from different precursors, such as coconut shell (Yang et al., 2010) , *Corresponding author. E-mail address: 512ch1005@nitrkl.ac.in, sureshbioe@gmail.com rice husk , sugarcane bagasse (Kalderis et al., 2008) , almond shell (Hayashi et al., 2002) , date stone , bamboo (Liu et al., 2010) , corn cob (Song et al., 2013) , cherry stone (Olivares-Marín et al., 2012) , oil palm shell , rice straw (Gao et al., 2011) . However, the ample availability of post-consumer PET bottle makes production of activated carbon more financially viable and also reduces solid polymer waste in landfills (Laszlo, 2005) .
There are two methods for preparation of activated carbon: physical activation and chemical activation. Physical activation consists of two steps: carbonization of raw materials followed by activation with CO 2 or steam. In chemical activation both carbonization and the activation step proceed simultaneously. Chemical activation presents several advantages over physical activation, such as lower activation temperature, a single step process and higher yield. Many researchers have recognized and utilized PET as a potential resource to prepare activated carbon through physical and combined (chemical + physical) activation (Bratek et al., 2013; Kartel et al., 2006) . However, only limited research has been carried out with direct single step chemical activation.
In this study, the preparation of activated carbon from post-consumer PET impregnated with sulfuric acid was carried out. Sulfuric acid is more favored because it is a less expensive and non-volatile dehydrating agent. Of all the available chemicals, sulfuric acid has been frequently used as cleaning and de-ashing agent of AC precursors (OlivaresMarín et al., 2012) . Thus, the use of sulfuric acid for carbonization purposes may be advantageous in terms of cost and chemical composition of activated carbon.
The most significant characteristic of an activated carbon is its surface area and yield which is highly influenced by its preparatory conditions (OlivaresMarin et al., 2006) . In evaluating the effect of process parameters on the prepared activated carbon, the use of an adequate experimental design is particularly important. Response surface methodology (RSM) with central composite design (CCD) is an established statistical tool for optimization of process conditions, since it takes a minimum number of systematic experimental runs for optimization, which reduces time, cost as well as resources. It can assess interaction effects between parameters affecting process conditions (Ahmed et al., 2009 ). Optimization of experimental conditions using RSM has been widely applied in various processes, including activated carbon preparation using precursors such as mangosteen peel (Ahmed et al., 2010) , tamarind wood (Sahu at al. 2010) , and coconut husk . However, to the best our knowledge, the use of RSM as the optimization technique in the preparation of activated carbon from PET by the method of chemical activation with sulfuric acid as activating agent has not been investigated before.
The present work is focused on optimizing the preparatory conditions of activated carbon from PET with good surface area and yield. A central composite design was selected to study simultaneously the effects of three numerical preparation variables: chemical impregnation ratio, activation temperature and activation time on surface area and yield. Empirical models correlating the surface area and the activated carbon yield to the three variables were then developed.
MATERIALS AND METHODS

Reagents
Raw material, PET, was collected from the premises of the, National Institute of Technology Rourkela, India. Sulfuric acid (analytical grade) used for the chemical activation was procured from Merck (India) Ltd.
Preparation of activated carbon The precursor was properly washed with distilled water to remove dirt from its surface and dried. The dried PET was cut into small pieces of size 5-10 mm. 10 g of PET granules were impregnated with 100 mL of dilute H 2 SO 4 to varying concentration in the range of 10-70%. The samples were soaked for 24 h at 85ºC and then dried for 3 h at 120ºC. The resulting impregnated samples were activated in a tubular furnace and heated to final temperature ranges between 600 -800ºC, at a definite heating rate of 10ºC/ min under continuous N 2 flow of 100 mL/min. Holding time at the final temperature was varied between 0 -90 min. After cooling, the activated carbon was subjected to thorough washing with base (0.1 mol/L aqueous NaOH solution), then hot water (80ºC) until the rinsed water showed neutral pH. The samples were dried at 120ºC for 24 h and stored in air-tight containers.
Design of Experiments
Response surface methodology (RSM) is a statistical method that uses quantitative data from appropriate experiments to determine regression model equations and operating conditions (Alam et al., 2007) . A standard RSM design called central composite design (CCD) was employed in this work to study the variables for preparing the activated carbons from PET. This method is suitable for fitting a quadratic surface and it helps to optimize the effective parameters with a minimum number of experiments, as well as to analyze the interaction between the parameters. Generally, the CCD consists of 2 n factorial runs, 2(n) axial runs and six center runs, where n is the number of factors. In the present study, the activated carbons were prepared using a chemical activation method where the variables studied were impregnation ratio (x 1 ), activation temperature (x 2 ) and activation time (x 3 ). These three variables together with their respective ranges were chosen based on the literature and some preliminary studies as illustrated in Table 1 . Impregnation ratio, activation temperature and activation time were found to be important parameters affecting the characteristics of the activated carbons produced. For each categorical variable, a 2 3 full factorial central composite design for the three variables, consisting of 8 factorial points, 6 axial points and 6 replicates at the center points were employed, indicating that altogether 20 experiments were required, as calculated from Eq. (1). (1) where N is the total number of experiments required and n is the number of factors.
The center points were used to determine the experimental error and the reproducibility of the data. The independent variables are coded to the (-1,1) interval where the low and high levels are coded as −1 and +1, respectively. The axial points are located at (±∝, 0,0), (0, ±∝,0), and (0,0, ±∝), where ∝ is the distance of the axial point from the center and makes the design rotatable. The ∝ value was fixed at 1.682 (rotatable). The experimental sequence was randomized in order to minimize the effects of the uncontrolled factors. The responses were surface area (Y 1 ) and yield (Y 2 ) of the activated carbon. Each response was used to develop an empirical model that correlated the response to the activated carbon preparation variables using a seconddegree polynomial equation as given by Eq. (2). (2) where Y is the predicted response, b 0 the constant coefficient, b i the linear coefficients, b ij the interaction coefficients, b ii the quadratic coefficients and x i , x j are the coded values of the activated carbon preparation variables.
Model fitting and statistical analysis
The statistical software package Design Expert (STAT-EASE Inc., Minneapolis, USA) was used for regression analysis of the experimental data to fit the equations developed and also for evaluation of the statistical significance of the equations. ANOVA was used to estimate the statistical parameters.
Characterization of activated carbon
The N 2 adsorption-desorption isotherms of the ACs at liquid nitrogen temperature (-196 ºC) were determined by an automated adsorption instrument (Quantachrome Corp., Autosorb-1 surface area analyzer). Prior to analysis, the sample was degassed for 24 h under helium at 200 ºC. The BET equation was used to calculate the apparent surface area, according to the N 2 adsorption-desorption isotherms at relative pressures between 0.05 and 0.3 (Gregg and Singh 1982) . Volume of micropores was estimated using the Dubinin Radushkevich (DR) equation (Brunauer et al., 1938; McEnaney, 1987) . The cross-sectional area of the nitrogen molecule is assumed to be 0.162 nm 2 . The total pore volume was estimated by converting the amount of N 2 gas adsorbed at a relative pressure of 0.9975 to equivalent liquid volume of the adsorbate (N 2 ) (Sricharoenchaikul et al., 2008) . The surface morphology of the sample was examined using a Field Emission Scanning Electron Microscope (FESEM) (FEI, Nova NanoSEM 450).
Activated carbon yield
Yield of the activated carbon is a significant parameter that affects the production cost. The carbon yield was calculated based on the following equation: (3) where W ac and W r are the dry weight of the final activated carbon (g) and the dry weight of the precursor (g), respectively.
RESULTS AND DISCUSSION
Development of regression model equations
Central composite design (CCD) was used to develop correlations between the activated carbon preparation variables and the response values such as surface area and yield. /g, whereas the carbon yield was found to range from 2% to 16%. According to the sequential model sum of squares, the models were selected based on the highest order polynomials where the additional terms were significant and models were not aliased. For both surface area and yield, a quadratic model was selected as suggested by the software. The final empirical formula models for the surface area (Y 1 ) and yield (Y 2 ) in terms of coded factors after excluding the insignificant terms are represented by Eq. (4) and (5), respectively. (4) (5) A positive sign in front of the terms indicates synergistic effects, whereas a negative sign indicates an antagonistic effect. The coefficient with one factor represents the effect of the particular factor, while the coefficient with the two factors and those with second -order terms represent the interaction between two factors and the quadratic effect, respectively. The quality of the model developed was evaluated based on the correlation coefficient value. The R values for Eq. (4) and (5) 
91.8% of the total variation in the surface area and activated carbon yield, respectively, were attributed to the experimental variables studied. The standard deviations for the two models were 9.00 and 1.50 respectively for Eq. (4) and (5). The closer the R 2 value to unity and the smaller the standard deviation, the better the model will be as it will give a predicted value which is closer to the actual value for the response. This indicated that the predicted value for Y 2 should be more accurate and closer to its actual value compared to Y 1 . Analysis of variance (ANOVA) was used to examine the significance of the fitting model along with effects of their parameters. In the present study ANOVA using the response surface quadratic model was employed to examine surface area and yield of activated carbon. A higher F-value indicates an adequacy of variation about its mean and a p-value (Prob. > F) less than 0.05 indicates the model is significant.
From the ANOVA for the response surface quadratic model for the surface area of the activated carbon, presented in Table 3 , the model F-value of 4.86 and Prob. > F as 0.0106 revealed that the model is significant. In this case, x 1 ,x 3 , x1 2 and x2 2 were significant model terms, whereas x 2 , x 1 , x 2 , x 2 , x 3 , x 1 , x 3 and x3 2 were all insignificant for the response. Hence, Eq. (4) can be used to study the effect of impregnation ratio, activation temperature and activation time on the surface area of the activated carbon.
The ANOVA for the quadratic model for the activated carbon yield is listed in Table 4 . The model F-value of 10.71 and Prob. > F as 0.0005 implied that the model is significant. In this case x 1 , x 2 , x 1 x 2 and x2 2 were significant model terms, whereas x 3 , x 2 x 3 , x 1 x 3 , x1 2 and x3 2 were negligible for the response. 
Surface area of the activated carbon
Based on the ANOVA results shown in Table 3 , both impregnation ratio (x 1 ) and activation time (x 3 ) showed significant effects on the surface area, whereas the activation temperature (x 2 ) showed the least effect. The quadratic effects of impregnation ratio ( x1 2 ) and activation temperature ( x2 2 ) shows good fit, whereas quadratic effects of activation time ( x3 2 ) as well as the interaction effects between x 1 x 2 , x 2 x 3 , x 2 x 3 and x 1 x 3 were considered least significant to the response. Figure 3 (a) shows the three dimensional response surfaces for the combined effect of the two variables impregnation ratio and activation temperature on the surface area of the activated carbon at constant activation time (60 min). The increase in impregnation ratio and activation temperature improves the surface area slightly at the beginning. This effect was due to the evolution of volatile substances to give rise to the development of uniform micropores. On the other hand, higher impregnation and activation temperature causes the widening of micropores to meso and macropores, thereby decreasing surface area. Similar results were obtained by other researchers for coconut shell based activated carbon (Prauchner and Reinoso, 2012) . The three dimensional response surface constructed to show the combined effect of two variables (impregnation ratio and activation time) on the surface area at constant activation temperature (700ºC) is shown in Figure  3(b) , the combined effect of two variables (activation temperature and activation time) on the surface area at constant impregnation ratio (50%) is shown in Figure  3 (c). As can be seen from these two figures, the surface area of the activated carbon decreases slowly with the increase of activation time. Increment in the activation Optimization of preparation conditions for activated carbons from polyethylene terephthalate using response surface methodology time causes the developed pores to enlarge or even collapse, thus reducing the surface area. These results were consistent with previous studies reported by Diao et al. (2002) on grain sorghum based activated carbon with phosphoric acid activation.
An increment in the activation time causes the developed pores to enlarge or even collapse, thus reducing the surface area (Diao et al., 2002) .
Activated carbon yield
ANOVA for the response surface quadratic model for the activated carbon yield is shown in Table 4 . Activation temperature (x 2 ) was found to have the most significant effect on activated carbon yield, indicated by the highest F-value of 52.48. Similarly impregnation ratio (x 1 ) and interaction effect (x 1 x 2 ) showed almost the same effect, but are less significant compared to activation temperature. However, activation time, quadratic effects of all factors and the interaction effects except (x 1 x 2 ) were insignificant. Figure 4 shows the three-dimensional response surfaces constructed to show the effects of the activated carbon preparation variables on carbon yield (Y 2 ). Figure 4(a) shows the combined effect of impregnation ratio and activation temperature on yield (activation time was fixed at 60 min). Figure 4(b) shows the combined effect of impregnation ratio and activation time on yield (activation temperature was fixed at 700ºC) and Figure 4(c) shows the combined effect of activation temperature and activation time (impregnation ratio was fixed at 50%). The carbon yield was found to decrease with increasing activation temperature, activation time and impregnation ratio. The highest yield was obtained when all three variables were at the minimum point within the range studied.
This result was also in agreement with the work of Kartel et al. (2006) where activation temperature was found to play an important role on the yield of the activated carbon, whereas activation time did not show much effect on the carbon yield. The increase in temperature leads to the promotion of carbon burn-off and increased release of volatile compounds, thereby resulting in decreasing yield (Adinata et al., 2007) . The yield was strongly affected by chemical impregnation ratio, where increasing impregnation ratio increases the release of volatiles from the precursor and causes the enhancement of carbon burn-off by extra activation agent (Qian et al., 2007) .
Process Optimization
In the production of commercial activated carbons, relatively high product yields are desirable. But at the same time achieving good surface area is also essential. Therefore, the activated carbon produced should have a high carbon yield and also good surface area for economic feasibility. However, to optimize both these responses under the same condition is difficult because the interesting regions of the factors are different. When surface area increases, yield will decrease and vice versa. Therefore, in order to compromise between these two responses, the function of desirability was applied using design expert software (STAT-EASE Inc., Minneapolis, USA). The experimental conditions with highest desirability were selected to be verified. The activated carbons were prepared under the experimental conditions given in Table 5 together with the predicted and experimental values for surface area and yield. The optimal activated carbon was obtained at conditions (37.63% impregnation ratio, 600ºC activation temperature, 30 min activation time) which resulted in 12.57% yield and 537 m 2 /g surface area. It was observed that the experimental values obtained were in good agreement with the values predicted from the models, with relatively small errors between the predicted and the actual values, which were only 8.05% and 7.84% respectively, for surface area and yield. 
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Characterization of activated carbon prepared under the optimum conditions BET surface area and pore volume The adsorption-desorption isotherms of the prepared activated carbon for N 2 gas at liquid N 2 temperature are displayed in Figure 5 . It is type -I based on the IUPAC classification, which arises from a microporous surface. It is evident from Figure 5 that, in the initial stage, the volumes adsorbed increase sharply in the low relative pressure region (P/P 0 < 2). This indicates that nitrogen molecules are adsorbed mainly in the microporous structure. The apparent BET surface area, total pore volume and average pore diameter of the prepared activated carbon were found to be 537m 2 /g, 0.36 cm 3 /g and 1.67 nm, respectively. The average pore diameter of 1.67 nm indicates that the PET based activated carbon prepared was in the microporous region according to the IUPAC classification.
was observed on the surface at higher magnification. It shows that H 2 SO 4 as an activation agent were effective in creating well-developed pores on the surface of the precursor, hence leading to an activated carbon with good surface area and porous structure.
Comparative studies
The comparative study of the pore characteristics of the prepared activated carbon with the previous studies is shown in Table 6 . As can be seen, the characteristics of the carbon obtained in this work compare well with the other PET-based activated carbon. PET-based activated carbon prepared by physical or combined (physical + chemical) activation shows better pore characteristics. However chemical activation offers several advantages over physical and combined activation, which mainly include lower activation temperature (< 700ºC), single activation step, and shorter activation time. It was found that H 2 SO 4 activation could provide the PETbased activated carbon with relatively good apparent surface area and pore volume when compared to other chemical activation methods. The comparison between properties of PET-based activated carbon prepared by different methods with different activation agent is shown in Table 6 . It suggests that PET was a good choice for the preparation of activated carbon as it is widely available in India and very cheap, which reduces the production cost of activated carbon. These findings emphasized the potential in the future development of such a process.
CONCLUSIONS
A central composite design was successfully implemented to observe the effects of three activated carbon preparation variables, which were the chemical impregnation ratio, activation temperature, and activation time, on the surface area and yield of activated carbon. Quadratic models were developed to correlate the preparation variables with both surface area and yield. Through analysis of response surfaces derived from the models, impregnation ratio and activation time were found to have a significant effect on surface area of the activated carbon as compared to activation temperature, while activation temperature showed the most significant effect on activated carbon yield 
Surface morphology
FESEM micrographs of raw-PET and the chemically activated carbons under the optimum preparation conditions are presented in Figure 6 . It is observed that there are no pores available on the surface of the precursor. However, on chemical activation under optimum preparation conditions (600ºC activation temperature, 30 min activation time, 37.65 % impregnation ratio) well-developed pores compared to all other parameters. Process optimization was carried out and the optimized experimental values of 537 m 2 /g surface area and 12.57% activated carbon yield were obtained for 37.63% impregnation ratio, 600ºC activation temperature, 30 min activation time. These values were found to agree satisfactory with the predicted values. The activated carbon prepared under optimum conditions were found to have welldeveloped pores on its surface. PET proved to be an economical precursors to prepare activated carbon. Bratek et al. (2013) 
